Stomatal responses to light of Arabidopsis thaliana wildtype plants and mutant plants deficient in starch (phosphoglucomutase deficient) were compared in gas exchange experiments. Stomatal density, size and ultrastructure were identical for the two phenotypes, but no starch was observed in guard cells of the mutant plants whatever the time of day. The overall extent of changes in stomatal conductance during 14 h light-10 h dark cycles was similar for the two phenotypes. However, the slow endogenous stomatal opening occurring in darkness in the wild type was not observed in the mutant plants. Stomata -3 ) was necessary to achieve the same stomatal aperture as observed for the wild-type plants. These results suggest that starch metabolism, via the synthesis of a counter-ion to potassium (probably malate), is required for full stomatal response to blue light but is not involved in the stomatal response to red light.
INTRODUCTION
In contrast to mesophyll cells, starch is present in darkness in almost all guard cell chloroplasts (Lloyd 1905; Robinson & Preiss 1987) , and the starch content is generally reduced after stomatal opening (Fischer & Hsiao 1968; . The breakdown of starch is believed to provide PEP via glycolysis (see reviews by Willmer & Fricker 1996; Tallman 1992 ) and malate resulting from the carboxylation of PEP. It is widely accepted that malate is involved in the decrease in the osmotic potential of guard cells and balances the excess of positive charges due to K + ion influx. In addition, the pathway of malate synthesis provides protons that are extruded by the H + -ATPase which helps to prevent a large change in the cytoplasmic pH . Thus starch metabolism may be an essential step in stomatal functioning.
The key enzymes involved in the phosphorolytic pathway of starch degradation are active in guard cells (Robinson & Preiss 1987) . However, the absence of a correlation between starch content and stomatal opening was reported many years ago (Heath 1947) . Other work supports the view that starch mobilization may be tightly dependent on the opening stimulus. Mouravieff (1958) reported that the breakdown of starch in guard cells is correlated with blue light illumination. Using epidermal strips of Vicia faba placed under low red light, Tallman & Zeiger (1988) did not find any reduction in starch while stomata opened, but they observed a significant disappearance of starch under low blue light. The role of starch in stomatal opening has also been addressed using plants devoid of starch in their guard cell chloroplasts. Ogawa (1981) did not find a significant difference between the stomatal responses of V. faba (starch-containing guard cells) and Allium cepa (starch-deficient guard cells) to blue and red light. However, species devoid of starch may have developed other pathways for carbon storage, such as accumulation of fructans that may participate in osmoregulation (Darbyshire & Allaway 1981) . Hence, conclusions about the role of starch in stomatal function are difficult to draw from interspecies comparisons.
Mutants of Arabidopsis thaliana with modified starch metabolism have been characterized (Caspar, Huber & Somerville 1985; Lin et al. 1988; Caspar et al. 1989) . These mutants provide an interesting new tool to investigate the role of starch in stomatal function since they only differ from the wild-type plant by one feature. Few data about the stomatal physiology of A. thaliana are available, so these mutants are potentially very useful. In the present study, we used a mutant deficient in chloroplastic phospho-glucomutase (PGM), a key enzyme in starch synthesis (Caspar et al. 1985; Robinson & Preiss 1987) . These mutants are unable to accumulate starch in their chloroplasts and constitute an original model to assess the role of starch metabolism in stomatal movements. By means of gas exchange experiments and bioassays performed with starch-containing (wild-type) and starch-deficient (mutant) A. thaliana, we studied how the lack of starch in guard cell chloroplasts alters stomatal movements in response to light.
MATERIALS AND METHODS

Plant material
The starchless mutant line TC 75, a chloroplastic-PGM deficient plant, was derived from the Columbia WT of Arabidopsis thaliana L. (Caspar et al. 1985) . Seeds of starch-deficient mutants, a generous gift of Prof. J. Preiss (Michigan State University), and wild-type plants were germinated and grown in sand watered with half-strength Hoagland's solution. The pots were placed in a growth chamber (14 h light period, 23°C, relative humidity 65%; 10 h dark period, 20°C, relative humidity 85%). Light (250 µmol m -2 s -1 ) was supplied by 150 W mercury lamps (HQI-TS, Osram, München, Germany).
Whole-plant gas exchange measurements
A 3-week-old plant (total leaf area: 3-4 cm 2 ) was gently removed from the sand and was carefully inserted in an experimental chamber composed of a root and a shoot compartment (Vavasseur, Lascève & Couchat 1988) adapted to the small size of the plant. The root compartment was thermoregulated (21°C) and supplied with an aerated halfstrength Hoagland's solution. The shoot compartment (0·30 dm ). The plant was sealed, at crown level, with an inert synthetic mastic (Téroson, Heidelberg, Germany) so that the two compartments were independent. The water vapour pressure was held constant (1·5 kPa) at the inlet of the shoot compartment, and continuously measured with a dew-point hygrometer (660, EG & G, Waltham, MA, USA) at the outlet. The changes in CO 2 concentration were followed with a differential infrared gas analyser (225 MK 3, ADC, Hoddesdon, UK). Light was from mercury lamps (HQI-TS 150 W/NDL, Osram, München, Germany) fitted with a heat-reflecting filter (Tempax 113, Schott, Wiesbaden, Germany), and light fluence rate was adjusted with metallic grids. Blue and red lights were obtained by using blue (N°77, maximum transmittance at 465 nm, halfbandwidth 100 nm) and red (N°24, maximum transmittance at 700 nm, half-bandwidth 156 nm) plastic filters (R. Juliat, Paris, France), respectively. The temperature of the atmosphere in the shoot compartment was continuously recorded (YSI, Yellow Springs, OH, USA).
Between experiments, conditions in the measuring chamber were identical to those prevailing in the growth chamber. The same plant was used for several days and the leaf surface area was measured daily from enlarged photographs. Due to the rosette pattern of growth of A. thaliana, the leaves rapidly overlapped each other, increasing the boundary layer resistance, and estimation of the leaf surface rapidly became difficult. For these reasons, experiments were limited to plants having a leaf surface area of < 12 cm 2 .
Epidermal experiments
Mature leaves were harvested in darkness from 3-to 4-week-old plants. Under dim green light, mid-rib veins were dissected and each piece of leaf was fixed on a rod coated with an adhesive tape, abaxial side up. Paradermal sections were collected with a fine double-edged razor blade and immediately placed on a solution (Hepes, 10 mol m -3 ; pH 6·7) containing the concentrations of K + and Cl -ions indicated in Tables. When necessary, dipotassiun iminodiacetate (K 2 IDA) was used instead of KCl. To insure constant osmotic potential during experiments, mannitol was added so that the final osmotic potential was kept constant.
Petri dishes containing the floating paradermal sections, adaxial side up, were placed in a thermoregulated waterbath (22°C). After 1 h in darkness, red light (300 µmol m -2 s -1 ) or blue light (75 µmol m -2 s -1 ) was switched on. The lamps and blue and red filters were identical to those used during whole-plant experiments. Stomatal apertures were measured at the end of the dark period and after 3 h under light with an optical microscope (Nikon, Tokyo, Japan) fitted with a 'camera lucida' and a digitizing table (Houston instrument TG 1017, Austin, TX, USA) linked to a personal computer (Bull Micral 30, Massy, France). For each treatment, at least 50 stomatal apertures (10 from five different paradermal sections) were measured at a magnification of 1000.
Electron microscope studies
Mature leaves were collected, cut into small pieces (5 mm × 5 mm), immediately immersed in 2·5% (v/v) glutaraldehyde in cacodylate buffer (0·1 kmol m -3 ; pH 7·2; 5 mol m -3 CaCl 2 ) and infiltrated under vacuum. After 2 h of incubation at room temperature, samples were washed 3 times with cacodylate buffer and post-fixed for 2 h with 2% (w/v) OsO 4 in cacodylate buffer to which potassium ferricyanide (0·8% [w/v]) was added in order to enhance membrane staining (Karnovsky 1971) . They were then washed 3 times with cacodylate buffer, dehydrated in an alcohol series and embedded in Spurr's resin. Ultra-thin sections were counter-stained with 2% uranyl acetate for 5 min and lead citrate for 2 min and observed with a JEOL 1200 EX 2 electron transmission microscope.
RESULTS
Structure and ultrastructure of guard cells
No significant difference was observed in guard cell length or width or in stomatal frequency between the mutant and the wild-type plants (Table 1) . Stomata were typical of cruciferous plants (Fig. 1a) . Even on mature leaves, guard mother cells and immature stomata with circular shape were frequently observed (data not shown). Electron microscope studies indicated that the guard cell ultrastructures of the mutant and the wild-type plants were similar except that starch was present in chloroplasts of the wild type but absent in the mutant plants. Fifty sections of different guard cells taken from three plants were examined for their starch content under the lighting conditions prevailing before and after stomatal opening measurements, i.e. at the end of the 10 h dark period and after 3 h under white light. In contrast to the wild-type plants, no starch grains could be observed in guard cell or mesophyll cell chloroplasts of the mutant plants (Fig. 1) . In some chloroplast sections, the lumen of thylakoids appeared swollen (Fig.1f) .
Stomatal conductance and CO 2 fixation in white light
Under 14 h light-10 h dark cycles, growth rates of mutant and wild-type plants were similar (Fig. 2) . Typical diurnal changes in stomatal conductance (g) for wild-type and starch-deficient plants are shown in Fig. 3 . In darkness, the minimum stomatal conductances were the same for the two phenotypes ( ) of the total change measured in a day (Fig. 3a) . The stomatal aperture then slowly increased and reached a plateau phase lasting several hours. In the starch-deficient plants, the light-induced stomatal opening was slower ( Fig. 3a; Table 3 ) but continuous until a maximum was reached at mid-afternoon. Thus, despite the absence of an endogenous stomatal opening and a slower rate of stomatal opening under light, the total increase in stomatal conductance was comparable for the two phenotypes ( Fig. 3a ; Table 2 ). Under medium light intensity (135 µmol m -2 s -1 ), the difference in the rate of stomatal opening between the two phenotypes was reduced (Table  3) . At steady state, the stomatal conductance saturated at roughly 400 µmol m -2 s -1 in both phenotypes (Fig. 4) .
Wild-type and starch-deficient plants showed significant differences in the patterns of CO 2 exchanges (Fig. 3b) . In the former, the CO 2 influx remained quite constant (5·8 µmol m -2 s -1 ) throughout the photoperiod whereas it continuously declined in the starch-deficient plants (Table  2 ; Fig. 3b ). This reduction in the assimilation rate could be attributed to feedback metabolic control since the conductance (200 ± 4 mmol m -2 s -1 ) and the estimated intercellular CO 2 partial pressure (29·8 ± 0·1 Pa Pa -1 ) at the end of light periods were equivalent to those measured at the time of the maximum assimilation rate, 212 ± 6 mmol m -2 s -1 and 29·4 ± 0·1 Pa Pa -1 , respectively. In darkness, the rate of CO 2 efflux of starch-deficient plants was 1·7-fold that of the wild type at the beginning of the dark period, but quickly decreased and was only 0·7-fold that of the wildtype plants after 10 h in darkness (Table 2 ).
Stomatal conductance in red and blue light
The stomatal behaviour of the two phenotypes was compared under low and high fluence rates of red light (Fig. 5) (Fig. 6) . In clear contrast, however, blue light was unable to promote stomatal opening in starch-deficient plants: after 45 min in blue light the stomatal conductance remained in the same range as that measured in low red light.
Effects of K + and Cl -ions
In darkness, no significant difference in mean stomatal aperture in paradermal sections of mutant and wild-type plants was observed, whatever the K + and Cl -ion concentrations in the bathing medium (Table 4) .
After 3 h of strong red light illumination (300 µmol m -2 s -1 ), the change in stomatal aperture was weak (c. 0·2-0·5 µm) for both the wild-type and the mutant plants (Table 4) . Nevertheless, a low but significant stomatal opening in red light was observed in the presence of a high level of K + (50 mol m -3 ) in the bathing medium. Furthermore, increasing the red light fluence rate or the duration of illumination up to 5 h did not change these results (data not shown). Thus, with paradermal sections as with whole plants, the stomatal behaviour under red light was equivalent for the two phenotypes.
The major differences in stomatal behaviour between the two phenotypes were observed under blue light. After 3 h under a low blue light fluence rate (75 µmol m -2 s -1 ), a mean stomatal aperture > 2 µm could be measured for the mutant plants as well as for the wild-type plants, depending on the ionic content of the medium (Table 4 ). In the wild-type plant, the blue-light-induced stomatal opening depended on the K + ion content in the bathing medium but was independent of the Cl -ion concentration (Table 4) . Conversely, for the starch-deficient mutant, a high external K + ion concentration (50 mol m -3 ) only resulted in a slight change in stomatal aperture. An increase in the Cl -ion concentration in the bathing medium to 50 mol m -3 was essential to obtain a stomatal aperture equivalent to that measured on epidermal sections of wild-type leaves. 
DISCUSSION
Arabidopsis thaliana is widely used for genetic studies, resulting in the selection of numerous mutant plants. Some of these, in which starch metabolism (Caspar et al. 1985 (Caspar et al. , 1989 Lin et al. 1988) or the response to ABA (Koornneef et al. 1982 (Koornneef et al. , 1984 or fusicoccin (Gomarasca et al. 1993 ) is affected, are potentially interesting material for studies of stomatal physiology. Nevertheless, as yet few studies on stomatal behaviour and functioning have been performed with A. thaliana.
The mutant line TC75 used in this work is deprived of chloroplastic PGM isoenzyme activity. All the other enzymes involved in starch metabolism are active, except ADP-glucopyrophosphorylase which has a reduced activity (Caspar et al. 1985) . In guard cells, it has been suggested that chloroplasts could import glyceric acid 3-phosphate (3-PGA) and triose phosphates . However, Overlach, Diekmann & Raschke (1993) have characterized the Pi translocator from guard cell chloroplasts which has a high affinity for glucose 6-phosphate (Glc 6-P), equivalent to that determined for pea root amyloplasts and, to a lesser extent, for glucose 1-phosphate (Glc 1-P). In the absence of PGM, which converts Glc 6-P into Glc 1-P, starch synthesis is inhibited and starch storage in leaves, stem and roots is theoretically totally suppressed. In guard cells, PGM is also involved in phosphorolytic degradation of starch (Robinson et al. 1987) . In the present study, electron microscopy analysis indicated an absence of starch in guard cell chloroplasts of mutant plants in darkness as well as in plants exposed to light. This suggests that, in guard cells, exchanges of Glc 1-P between the cytoplasm and chloroplasts is not a major flux and that the isoform of PGM expressed in guard cells is the same as that expressed in mesophyll cell chloroplasts. This alteration in starch metabolism induces modifications in CO 2 exchanges at the whole-plant level as well as in stomatal behaviour. g in darkness ·117 ± 26 (9) ·161 ± 27 (9)* ·116 ± 11 (6) ·127 ± 11 (6)* g under light -·258 ± 40 (6) -·261 ± 40 (4) CO 2 efflux in darkness 1·21 ± 0·52 (9) 1·45 ± 0·55 (9) 0·87 ± 0·10 (6) 2·61 ± 0·67 (6) CO 2 uptake under light 5·72 ± 1·04 (9) 5·82 ± 1·64 (6) 6·10 ± 0·56 (6) 7·15 ± 1·71 (4) *At the end of the dark period. In contrast to the wild-type plant, the rate of respiration of the mutant plant decreased in darkness (Fig. 3b) . Under white light (225 µmol m -2 s -1 ), the rate of CO 2 uptake of the mutant plant was always higher than in wild-type plants (Table 2 ) despite a slow decrease during the 14 h light period. Since the chlorophyll contents of the wild type and the mutant plants were approximately the same (1·8 and 1·6 mg Chl g -1 fresh weight, respectively), the rate of CO 2 uptake was also higher for the mutant when expressed on a chlorophyll basis [4·5 mg CO 2 (mg Chl) -1 h -1 ] than for the wild type [3·2 mg CO 2 (mg Chl) -1 h -1 ]. Thus, the mean time course variations in CO 2 exchanges observed in this study (Fig. 3b) were in good agreement with previous results (Caspar et al. 1985) , despite the fact that the values of CO 2 uptake found were slightly higher. This difference is probably due to the use of a gas exchange chamber which allowed a total separation of the shoot compartment from the root compartment. In addition, this design allows measurement of water losses from the leaves and calculation of changes in stomatal conductance.
While stomata of starch-deficient mutant plants responded to light, significant difference from the wild type were noted: a lack of endogenous stomatal opening in darkness (Fig. 3a) and a reduced rate of stomatal opening under light (Table 3) which seems mainly attributable to the inhibition of blue-light-induced mechanisms.
Under red light, starch-deficient and wild-type plants showed similar stomatal behaviour despite a slower rate for the mutant plant. At the whole-plant level, the initial rate of stomatal opening and the level of stomatal conductance at steady state, which depended on the red light intensity, became nearly identical under a high photon fluence density of red light for the two phenotypes (Fig. 5) . Similarly, for floating epidermal sections, no significant differences in stomatal aperture were observed between the wild-type and starch-deficient plants (Table 4) . Hence, in A. thaliana, stomatal opening triggered by red light seems to be largely independent of the breakdown of the starch present in guard cell chloroplasts. Supporting this view, in epidermal peels of V. faba, Tallman & Zeiger (1988) did not find any change in starch score in guard cell chloroplasts after red light illumination. On the basis of sugar and organic acid accumulation observed in guard cells, it has been proposed that, under red light, the increase in the pool of osmoticum was mainly due to the activity of the photosynthetic carbon reduction pathway (PCRP) in guard cells (Talbott & Zeiger 1993) . Stomatal opening under light is associated with an increase in sucrose content (Talbott & Zeiger 1993; Lu et al. 1995) . However, sucrose accumulation in guard cells may result from synthesis of sucrose in guard cells (Poffenroth et al. 1992) , from import from the apoplast (Lu et al. 1995) debate. Several reports lead to the conclusion that the activity of the PCRP is considerably reduced in guard cell chloroplasts Vaughn 1987; Tarczynski et al. 1989; Reckmann, Scheibe & Raschke 1990 ). Using mass spectrometric measurements, Gautier et al. (1991) observed that in a guard cell protoplast suspension of C. communis the net CO 2 influx did not balance the net O 2 efflux under red light, as with mesophyll cell protoplasts, suggesting that light energy could be used for other processes than for PCRP only. In epidermal sections placed under strong red light (300 µmol m -2 s -1 ), stomatal opening did not exceed 0·5 µm whatever the phenotype, whereas in whole plants the stomatal opening was similar to that measured under white light (225 µmol m -2 s -1
). This observation suggests that, in guard cells of A. thaliana, the PCRP alone is insufficient fully to sustain the change in osmotic potential associated with stomatal opening. In paradermal section experiments, a high concentration of K + (50 mol m -3 ) in the bathing medium increased significantly the response to red light, while increasing the Cl -ion concentration had no effect. Nevertheless, this response remained low compared with that observed under blue light. Since red-lightinduced stomatal opening is independent of starch breakdown, and if, as seems to be the case, the PCRP activity in guard cells is insufficient fully to support the stomatal opening observed under red light in whole plants, then it can be assumed that there is transport of carbohydrates from mesophyll cells into guard cells. Recent reports suggest such a participation of the mesophyll during stomatal opening (Lee & Bowling 1995; Lu et al. 1995) .
In many plants, blue light is more efficient than red light in promoting stomatal opening (Johnsson et al. 1976) . A. thaliana seems to be one such plant, since in the wild type the rates of stomatal opening and the levels of stomatal conductance at steady state were comparable under 250 µmol m -2 s -1 of red light (Fig. 5) and under 70 µmol m -2 s -1 of blue light (Fig. 6) . In contrast, starch-deficient plants exhibited a low response to blue light at the wholeplant level and, when the Cl -ion concentration was limited (10 mol m -3 ), at the paradermal section level. An increase in Cl -ion content was able fully to reverse the mutant phenotype response under blue light (Table 4 ). This observation strongly suggests that the synthesis and/or the import of counter-ions for potassium is affected in the mutant plant. In species that do not accumulate starch in their chloroplasts, such as onion, an absolute requirement for Cl -ions as counter-ions for K + has been reported (Raschke 1979) . In the absence of starch in the chloroplast, malate precursors cannot be promptly synthesized and Cl -ion availability is certainly limited since the Cl -concentration in the apoplast is below 50 mol m -3 . Hence, the slow stomatal opening observed under blue light in mutant plants is probably due to a lack of readily available counter-ions for K + ions. Thus, the breakdown of starch in guard cells appears to be an essential step for a complete and rapid response to blue light. These differences illustrate the alternative metabolic pathways involved in guard cells depending on the nature of the signal. The important question is how blue light perception is linked to starch catabolism. The absence of fast stomatal opening under blue light in PGM mutant plants suggests that the blue light response in wild-type plants might be mediated by enzymes involved in carbohydrate metabolism. The control of the activity of several carbohydrate-degrading enzymes by blue light in microorganisms, algae and higher plants has been described (Ruyters 1987) . They may be regulatory steps in the stomatal response to blue light. 
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